Periodic arrays of strained Si ͑sSi͒ round nanopillars were fabricated on sSi layers deposited on SiGe virtual substrates by electron-beam lithography and subsequent reactive-ion etching. The strain in the patterned sSi nanopillars was determined using high-resolution UV micro-Raman spectroscopy. The strain relaxes significantly upon nanostructuring: from 0.9% in the unpatterned sSi layer to values between 0.22% and 0.57% in the round sSi pillars with diameters from 100 up to 500 nm. The strain distribution in the sSi nanopillars was analyzed by finite element ͑FE͒ modeling. The FE calculations confirm the strain relaxation after patterning, in agreement with the results obtained from Raman spectroscopy. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2431476͔ Strain-relaxed SiGe virtual substrates offer an attractive platform to utilize tensile strain in epitaxially grown Si overlayers due to the fact that they provide a larger lattice constant than silicon.
Strain-relaxed SiGe virtual substrates offer an attractive platform to utilize tensile strain in epitaxially grown Si overlayers due to the fact that they provide a larger lattice constant than silicon.
1 If thin Si layers are grown on strainrelaxed SiGe, the electron and hole mobilities increase due to the effective mass reduction and the band structure modification induced by strain. 2, 3 The enhanced carrier mobility in strained Si ͑sSi͒ layers will increasingly be exploited in future complementary metal-oxide-semiconductor technology nodes for which many transistor dimensions lie well in the nanometric range. Since the band structure engineering to improve device performance is based on strain engineering, it is essential to retain the strain in the layers and structures during various processing steps that are required by the technology. Consequently, the behavior of the strain state of sSi layers after nanopatterning is of significant technological importance.
UV micro-Raman spectroscopy is a viable, nondestructive, and sensitive method to study the local strain in Si microelectronic devices. 4, 5 With the continuing miniaturization of the microelectronic devices, the use of UV lasers for Raman spectroscopy has been proven to have significant advantages over the conventional visible lasers. 6, 7 The reduced penetration depth of UV light in Si improves considerably the detection of the strain localized close to Si surface.
In the present work the strain relaxation in round sSi nanopillars was examined. The strain values and the strain distribution in the patterned sSi pillars with different dimensions were determined by means of UV-Raman spectroscopy and three-dimensional ͑3D͒ finite element ͑FE͒ modeling.
Biaxially tensile strained Si was epitaxially grown on strain-relaxed Si 0.78 Ge 0.22 virtual substrates which consist of an ϳ2 m thick compositionally graded buffer layer followed by a relaxed SiGe layer having a comparable thickness of ϳ2 m grown on Si ͑100͒ wafer. The sSi layer is thin enough ͑ϳ17 nm͒ not to be relaxed by misfit dislocations to form at the SiGe/ sSi interface. Round sSi pillars with diameters from 100 to 500 nm were patterned by means of electron-beam lithography ͑EBL͒ with a periodicity of 500 nm on 250ϫ 250 m 2 fields. After EBL exposure and development of the unexposed negative resist, the samples were etched by means of reactive-ion etching. The space between the sSi nanostructures was etched into the SiGe layer to a depth of ϳ80 nm.
The Raman measurements were performed by means of a LabRam HR800 UV spectrometer ͑from Horiba Jobin Yvon͒. A He-Cd laser with a wavelength of 325 nm was used for excitation. The diameter of the incident laser beam on the sample was ϳ1.5 m and the power measured under the microscope objective was ϳ2 mW. By reducing the power ten times we found out that the sSi phonon position is shifted up by ϳ0.35 cm −1 , while the phonon position of the bulk Si is not changed. The influence of the laser power on the sSi Raman shift is related to the annealing effects being induced by the different expansion coefficients of Si and SiGe. In the results presented in this letter this effect was always taken into consideration and corrected. The peak positions in the Raman spectra were fitted with a GaussLorentz function using the LABSPEC software provided by the equipment manufacturer.
Figures 1͑a͒ and 1͑b͒ show the scanning electron microscopy ͑SEM͒ images of round sSi pillars with diameters of 100 and 500 nm, respectively. The dotted circle in the same figure shows an estimate of the laser spot size. Since the dimension of the laser spot is larger than that of the patterned a͒ Electronic mail: cameliu@mpi-halle. de   FIG. 1 . ͑Color online͒ SEM images of patterned round sSi pillars with diameters of 100 and 500 nm, respectively. The dotted circles give an estimate of the laser spot size.
pillars, each single Raman measurement contains contributions from more than one pillar and from the SiGe virtual substrate layer between pillars.
Typical UV-Raman spectra measured for bulk Si, unpatterned sSi, and for patterned round sSi pillars with diameters of 100 and 500 nm are presented in Fig. 2 . To determine the sSi peak position accurately, the plasma line of the HeCd laser at 854.7 cm −1 was used as a reference because it is independent of temperature and strain. Therefore, the plasma lines can be used for calibration. 4 The Raman spectra of the bulk Si and unpatterned sSi show besides the plasma line, the Si phonon in bulk and sSi at ϳ520.8 cm −1 and at ϳ513.5 cm −1 , respectively. After calibrating a spectrum with respect to the plasma line position, the strain in the Si layer may be calculated from the sSi peak position. The strain in the sSi can be calculated from the empirical formula 8, 9 = 0.123͑ bulk Si − strained Si ͒, ͑1͒
where represent the peak positions in cm −1 for strained and bulk Si, 0.123 is the inverse strain-phonon coefficient in cm, and is the strain in %. Thus, tensile strain will result in a shift of the Si phonon band to lower frequencies. For the unpatterned sSi sample the shift of the Si phonon peak position corresponds to a strain of ϳ0.9%.
The spectra of the samples patterned with round sSi nanopillars show two distinctive peaks: one at ϳ505 cm −1 that originates from the Si-Si vibrational mode in SiGe and the other at ϳ515-519 cm −1 that originates from the Si phonon in sSi. The shift of the Si phonon in the patterned samples with respect to unpatterned sSi samples, as seen in Fig. 2 , indicates that the strain in the patterned sSi pillars is partially relaxed.
Moving the sample under the microscope by means of a motorized XY table, the Si phonon frequency can be determined as a function of position on the samples. For each single point on the sample surface the Raman frequency of the Si was determined after correcting for the plasma line position. 10 The values of the Raman shifts for each single point of the mapped region were converted into strain values using Eq. ͑1͒. Figure 3 shows the strain distribution determined from the Raman mapping ͑3 ϫ 3 m 2 ͒ for patterned round sSi pillars with diameters of 100 and 500 nm, respectively. Since the laser probes more than one pillar in every single measurement ͑cf. Fig. 1͒ , the measured strain is averaged for all the probed pillars. Due to the large beam size, the round sSi pillars could not be spatially resolved in the strain distribution mapping even though the step of the XY table movement was only 0.2 m.
The average strain in the round sSi pillars with diameters from 100 up to 500 nm varies from 0.22% to 0.57%. The strain values measured by Raman mapping for patterned round sSi pillars with diameters ranging from 100 to 500 nm are shown in Fig. 4 by triangles and are compared with the strain value in the unpatterned sSi sample. The standard deviation determined from the statistical analysis of the few hundred points measured for each mapping was between 0.01% and 0.015%. This results in the error bars to reside within the dimensions of the triangular markers in Fig. 4 .
Numerical simulations of the strain states of the round pillars were carried out using 3D finite elements with the commercially available software ANSYS. The strain of the unpatterned sSi layer on the virtual SiGe substrate was initialized to the measured value of 0.9%. Further, a model representing the patterned round pillars was build and the strain distribution within the pillars was calculated. In Fig. 5 the strain distribution obtained by FE simulations within a round sSi pillar with a diameter of 100 nm along the radial and tangential polar coordinates is shown. The calculated strain distributions show that the strain relaxes nearby the free surfaces and remains concentrated at the interface be- tween the sSi layer and SiGe virtual substrate. Similar effects were observed in the case of rectangular sSi pillars patterned directly on a silicon dioxide layer. 11 The FE calculations were performed for pillar diameters ranging from 100 to 500 nm. The calculated average strain values of the sSi pillars are shown in Fig. 4 by circular markers. In the same figure the calculated strain values on the tangential and radial directions are shown. The strain measured by Raman mapping represents an average for different spatial orientations and cannot be resolved along the directions on which the FE calculations were done. However, there is a good agreement between the average strain values measured by UV-Raman and calculated by FE, as seen in Fig. 4 .
Obviously, a substantial relaxation of the strain upon nanopatterning of sSi layers can be observed. The smaller the nanostructure, the larger is the strain relaxation. From the initial strain of ϳ0.9%, 37% is relaxed in the case of 500 nm diameter pillars and ϳ75% in the case of 100 nm diameter pillars. The strain relaxation is mediated by the large free surface area of the nanopillars.
In conclusion round nanopillars of sSi were fabricated onto fully relaxed Si 0.78 Ge 0.22 ͑SiGe͒ layers and investigated by means of UV micro-Raman spectroscopy. The strain values measured by Raman spectroscopy are in good agreement with those obtained from 3D FE calculations. The strain distributions obtained by Raman mapping show that the strain in the patterned sSi pillars relaxes partially. The relaxation of the strain takes place at the free surfaces and depends on the size of the nanopillars. Since the strain relaxation may critically influence the strain engineering it should be taken into account when designing chips with devices in the nanometer dimensions.
